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The thermochemistry of the benzynes has been reinvestigated in a set of benchmark calculations including,
e.g., multireference perturbation theory in combination with large basis sets up to correlation consistent polarized
valence quadruplé followed by basis set extrapolation procedures. The vibrational corrections have been
deduced from multiconfiguration self-consistent field (MCSCF) calculations employing average atomic natural
orbital basis sets. The quality of the isodesmic reactions has been investigated by analyzing the errors of the
utilized methods in predicting the CH bond strengths and energies of the related molecules. It turns out that
multireference third order perturbation theory, although occasionally better than second order, suffers from
less systematic errors and thus is not as well suited for use in isodesmic reactions as the corresponding second
order theory. The present extended calculations show that all the isodesmic reactions used in previous studies
of the thermochemistry of the benzynes are adequate. Furthermore, it is demonstrated that multireference
second order perturbation theory accurately reproduces the sitigbéet energy splittings of the benzynes.

1. Introduction of Brueckner’s approach to include some of the static correlation
] ) ) effects in the reference function. However, no study has yet
The thermochemistry of the benzynes is a challenging task peen published which supports that BCC in general is better

for theory. Numerous investigations on this issue are reported ihan standard CC approach in case of a significant multicon-
in the literature=® The large number of such studies is a figurational character of the wave function.

reflection on the difficulty of the problem and the development
of new tools for theoretical studies. As the biradical character
of some of the members in the benzyne series increases

conventional single configuration methods like single and double
coupled-cluster theory with triple corrections (CCSD(T)) have demonstrated by Cramer et ‘ato be based on the use of
incorrect multireference second order perturbation theory

been demonstrated to be incapable of describing the relative . L
energies of the ortho, meta, and para species. Furthermore,(CASPTz) energies. The CASPT2 prediction of the enthalpy

: . o : f formation ofp-benzyne in combination with an atomic natural
density functional theory (DFT), which inherently picks up some or Ic . ; . .
of th(:ystatic correlatiorz (by in)cluding onlipcal )(legchangz in orbital (ANO) type basis set and vibrational corrections based

the exchange-correlation functional (and not the exact Hartree on DFT (BPW91/cc-pVDZ) force constants resulted in 138.2

Fock exchange), also has shown only poor results in predicting kcal/mol? a result in excellent agreement V_V'th experimeiif.

the benzyne thermochemistt{ The general conclusions of the The stud_y of Cramer et al,, however, |gno_red the known
investigations are that a multiconfigurational treatment including systematic error of the (;ASPTZ[dO]*nethod whlch.correlates.
dynamical electron correlation, basis sets of tripiguality, and to the n_umber of_unpalred electrons. The error in correlation
the use of isodesmic techniqd®are mandatory for quantitative ~ €N€9Y IS proportional to-34 kcal/mol per unpaired electron,

agreement between experiments and theory. One possiblean error empirically corrected for _in the work by Lindh and
alternative might be multiconfigurational DFT methods, which Perssohand analytically corrected in later works by the use of

deal with static correlation effects via a multiconfiguration self- e CASPT2 with a g1 corrected zero HamiltonidrRecent
consistent field (MCSCF) procedure, while treating dynamic developmgnts in integral dlrept electron correlat_lon metHods
correlation effects at the level of DFT. Such methods are @nd combined developments in hardware capacity and conven-
presently under developmeHti2and the success or failure of tional method® enable calculations of the benzynes with
the approach lies in the future. Another avenue would be the Substantially larger basis sets (quadruptguality and higher).
use of Brueckner orbitals in connection with the single-reference THiS, in turn, now allows the use of basis set extrapolation
coupled-cluster approach (BCC). CraAféras in a recent study technlques to explore' the one-.partlcle baS|§ set limit for'the
of aryne biradicals demonstrated that the use of BCCD(T) vs Various relevant reaction energies. The previously used vibra-
CCSD(T) represents a considerable improvement/difference intional information has been based on either a combination of
some particular cases. The observed difference between CC andh€oretical and experimental reséilter DFT frequencies.

BCC is usually in the literature argued to be due to the ability Frequency calculations on the benzene molecule in particular
have demonstrated that a multiconfigurational treatment is

* Department of Chemical Physics necessary for quantitative agreement with experirfieRecently
xDeSaﬂmem of Theoretical Cyhemistry. developed algorithms for calculations of multiconfigurational
8 Institut fir Theoretische Chemie. self-consistent field second derivatives for large one- and
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One of the recent theoretical studies on the benzyne thermo-
chemistr§ has questioned the experimental results of Roth et
al1* and Wenthold and co-worket16 yet this was recently
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N-particle basis set8 allow for better and more consistent TABLE 1: Collected Standard Enthalpies at 298 K in
estimates of the vibrational contributions to the thermochemistry kcal/mol of the Species Used in This Study

of the singlet and triplet benzynes. species AH 208 reference

In this study the systematic error of the CASPTZ[gO]_met_hod, benzene 192 0.2 38
the effect of basis set extrapolation, and the quality of vibrational phenyl radical 81.2- 0.6 37
corrections have been addressed, benefiting from the new  o-benzyne 106.6- 3.0 16
technical developments in multiconfigurational ab initio theory, m-benzyne 121.¢-3.1 16, 37
as mentioned above. Studies of biradical chemistry are also ~ P-Penzyne 137.& 2.9 16, 37
attracti_ng more and more att(_ention as ab initio theory is use_d methane _li’g_'gécilbc_)m ég, 40
to provide theoretical information on femtosecond laser experi- methyl radical 35.0:0.1 41
ments of fast reactions, for example, the photoinduced dissocia-  acetylene 54.35 0.19 39, 40
tion of tetramethylené? For that purpose it is of importance to ethylene 12.52-0.12 39,40
use such benchmark systems to calibrate the methods. In this ~ atomic hydrogen 52.102

respect the present calculations on the thermodynamics of the

. radical, and the benzynes CASSCF model spaces which are
benzynes are also of interest.

denoted as CAS(6,6), CAS(7,7) and CAS(8,8), respectively. In
2 Methods the case of the isodesmic reactions the constraint was applied

' that the union of the active spaces of the reactants and products

The molecular speciésof o-, m-, andp-benzyne, benzene,  should be the same. The CASSCF procedure was followed by
phenyl radical, methane, methyl radical, and hydrogen were CASPT2, CASRS2, and CASRS3 calculations to include
studied by using second and third order Mgt®lesset  dynamical correlation. The carbon 1s core orbitals were not
perturbation theory (MP2 and MP3), multireference second order correlated in this step. The CASPT2 and the CASRS2 methods
perturbation theory (CASPT2[gb]and CASRSZ!), multiref- are essentially identical, both being multiconfigurational refer-
erence second order perturbation theory with a g1 corrected zeraence second order perturbation methods. However, whereas the
Hamiltonian (CASPT2[g1]}® multireference third order per- CASPT2 has a contracted reference, the CASRS2 method
turbation theory (CASRS3J, multireference configuration  decontracts the reference when treating the singly external
interaction (MRCI), Davidson corrected multireference config- excitations. This difference is more of a technical nature, and
uration interaction (MRCI(Q)), single and double coupled-cluster the methods are expected in general to give very similar results.
theory (CCSD), and single and double coupled-cluster theory The CASRS3 is a third order extension of the CASRS2 method.
with perturbational triple corrections (CCSD(T)), all in com-  The experimentally deduced enthalpies used in the study
bination with the average atomic natural orbitals (ARjasis  (identical with those used in ref 9) are all collected in Table 1.
sets in C[14s9p4d]/(5s4p2d)//H[8s4p]/(3s2p) contraction (de- The latest versions of the MOLCAS 42land MOLPRO 98

noted aANO(1)), and C[14s9p4d3f]/(5s4p3d1f)//H[8s4p3d]/ quantum chemistry program packages were used for all calcula-
(3s2p1d) contraction (denoted aANO(2)), respectively, as well tions.

as the Dunning correlation consistent sets cc-pVDZ, cc-pVTZ,
and cc-pVQZ"28 The real spherical harmonics were used 3. Results and Discussion
throughout. With some of the larger basis sets used here state-
of-the-art correlation methods were employed in combination

with basis set sizes exceeding 500 contracted functions. The
ab initio calculations were extrapolated to the complete basis
set limit (CBL) using the extrapolation schemes (for details see
refs 29-31)

The discussion here will first assess the accuracy of the
methods used in the study by considering the related issues of
the zero point energy (ZPE) correction, the singkeiplet
energy splittings, and the-€H bond strength and energies of
some relevant species. This is followed by an investigation of
the isodesmic reactions used in the study. The quality of these
— 3 5 isodesmic reactions is demonstrated to be related to the errors
BX) = E, + AXT+BX (1) in the predicted €H bond strength at various levels of
E(X) = E, + AX + 1/2)© @) approximation. This all then leads to the conclusions with
respect to the thermochemistry of the singlet and triplet
E(X) =E, + AX® () benzynes.
3.1. Vibrational Corrections. The CASSCF/aANO(1) ZPE
and and temperature corrections to the enthalpy at 298 K due to
vibrational, translational, and rotational motions together with
E(X) =E, +AX® 4) the corresponding BPW91/cc-pVDZ values by Cramer and co-
worker$ are collected in Table 2. The CASSCF method is
denoted CBL(1), CBL(2), CBL(3), and CBL(4), respectively. known to predict force constants that are too low, a trend which
X denotes the so-called cardinal numb¥r= 2, 3, 4 for cc- originates from the fact that CASSCF overemphasizes the
pVXZ, X =D, T, Q). For CBL(3) and CBL(4), the notation is  antibonding configuration& However, in these particular
augmented such that, e.g., CBL(3:3,4) indicates that the two calculations only ther-space is correlated and the CASSCF
CBL(3) parameters were derived from the energies of cardinal treatment of ther-space is counterbalanced by the HF-like
numbers 3 and 4. treatment of ther-space. This warrants rather accurate prediction
The structures and vibrational harmonic frequencies used in of the force constants at the CASSCF/aANO(1) level of theory,
this work were obtained at the level of the complete active space with the exception of the pure HC stretching modes which
self-consistent field theory (CASSCF) employing an aANO(1) will be too stiff. One interesting point to note in the comparison
basis sét® (for auxiliary data cf. ref 23). The active orbital space of CASSCF vs BPW91 is the uBPW91 ZPE of 44.88 kcal/mol
in the CASSCF wave function included all valencerbitals for the singlet statg@-benzyne. The single-configuration uB-
and the valence-orbitals at each dehydrocarbon. Each of these PW91 model with the possibility of different andj electron
orbitals contains one single electron giving for benzene, phenyl densities improves the modeling of singlet biradical states at
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TABLE 2: Calculated ZPE and Temperature Corrections to Cramer et af. Three differences in comparison to the study of
the Enthalpy at 298 K in kcal/mol Computed at the BPW91/ Cramer and co-workers on the—% energy sp“t“ng are
cc-pVDZ and CASSCF/aANO(1) Levels of Theory worthwhile to note: (i) the correction of the systematic error
rBPW91/cc-pVDZ  CASSCF/aANO(1) of the CASPT2 method for unpaired electrons is significant for
molecule spin  ZPE  H298-HO  ZPE H2o8-HO  the accuracy? (i) saturated basis sets and basis set extrapolation

o-benzyne 0 45.82 3.48 1927 3.5 are requwed;i (iii) the zero point energy corrections (as discussed
1 45.35 344 48.90 3.23 in the previous subsection) at the BPW91/cc-pVDZ and
m-benzyne 0 44.74 3.71 48.56 3.28 uBPW91/cc-pVDZ levels of approximation deviate from the
1 45.22 3.44 48.69 3.25 balanced CASSCF/aANO(1) vibrational corrections by about
p-benzyne 0 44.09 3.57 48.49 3.24 1 kcal/mol in the case of the splitting of th@benzyne. In
0 44.88 3.44 comparison to the “extrapolated” CCSD(T)/cc-pVTZ results of
1 45.28 3.43 48.64 3.25 | hich aft ibrati | . h /
benzene 0 61.43 342 65.50 327 Cramer et al., which after vi ratlt_)na correctlon _att e CASSCF
phenylradical 1/2 53.29 3.42 57.11 3.25 aANO(1) level of theory compile the singtetriplet energy
methane 0 27.30 2.40 29.43 2.38 splitting to 35.4, 20.6, and 1.4 kcal/mol, respectively (with the
methyl radical  1/2  18.08  2.54 19.07 273 original BPW91 vibrational correction the- splitting was
ethylene o 8107 252 83.05 250 estimated to be 35.3, 20.7, and 2.3 kcal/mol, respectively), the
acetylene 0 16.45 2.41 16.48 2.49 CASPT2[ql thod i inallv better. Einally. it i ted
hydrogen atom  1/2 0.0 1.77 0.0 1.77 [91] method is marginally better. Finally, it is note

that the CASPT2[g1])/CBL(2), CASRS3/CBL(2), and the CCSD-
(T)/cc-pVDZ results for the singlettriplet energy splitting of

o o ) 2.8, 2.2, and 1.4 kcal/mol, respectively, indicate that the
the expense of not providing a spin eigenfunction. However, jjternative experimental value of the singlétiplet energy
because of considerable spin contamination in this particular splitting of thep-benzyne of 2.1 0.4 kcal/mol which “cannot
case & = 0.86), Cramer et al. rather used the 44.09 kcal/mol pe ryled out but is considered unlikely” according to Wenthold
value from the restricted BPW91 model. The ZPE correction gnd co-worker® might have to be reconsidered. This point is
to the singlet-triplet energy splitting op-benzyne is computed  fyrther supported by the “extrapolated” BCCD(T)/cc-pVTZ
to .1.05 and 0.39 kcal/mol using thg restricted and the unre- results by Cramé? which, after including the CASSCF/aANO-
stricted BPW91 procedure, respectively. A rather small dis- (1) vibrational corrections, yield an-ST splitting of 2.1 kcal/
crepancy at first glance, however, it corresponds to 21% of the pq).

singlet-triplet energy splitting. The ZPE correction yielded by 3.3. The C-H Bond Strengths and EnergiesAn accurate
the CASSCF/aANO(1) approach is 0.16 kcal/mol. Moreover, a theoretical prediction of the energy of the-€l bond in benzene
comparison of the BPW91 vs CASSCF ZPE values for the ring s a nontrivial task as demonstrated by, e.g., Ochterski and co-
systems reveals that the CASSCF results are higher by-3.36 \yorkers3 In their study on complete basis set model chemistry
3.82 keal/mol with a single exceptiorfor the singleip-benzyne  employing various extrapolation schemes, the dissociation
the difference is 4.40 kcal/mol. However, using the unrestricted gnergy of a G-H bond in benzene was estimated to 1131
DFT result instead, it is only 3.61 kcal/mol, i.e., in the range of g 2 kcal/mol at the CBS-Q level of approximation, a result in
the other results. Considering that the difference in both the agreement with the most recent experid@ft12.0=+ 0.6 kcal/
geometrical structure and the wave function between the singletyol). The G-H bond strengths of benzene and other species
and triplet states is small for the para species as compared tOoyre included here to assess the accuracy of the methods
the ortho one, would expect the smallest correction for the employed in this study. Furthermore, from these results the
former. However, the DFT corrections of Cramer and co- expected quality of the isodesmic reactions relevant for the

workers are 1.05 anet0.51 kcal/mol, respectively, whereas the  thermochemistry of the benzynes can be assessed. In the present
CASSCEF corrections are 0.16 an@.39 kcal/mol. Itis evident  york the G-H bond strengths and energies of the following

that the multiconfigurational approach is the most consistent eactions

way to proceed for the benzynes. The method, in contrast to

DFT, allows for an accurate modeling of closed shell, open shell, CH,—CH;+H (5)
and biradical systems while still providing a proper spin

auBPW91/cc-pDVZ.

eigenfunction. All these properties are of importance in comput- CHy = CH, + 2H (6)

ing accurate singlettriplet energy splitting for the benzynes. CeHg — CgHg + H (7
3.2. Benzyne Singlet Triplet Splitting. The singlet-triplet

(S—T) energy splitting was identified by Cramer et al. as an CeHs — p-CgH, + H (8)

indicator of the performance of the methods employed in the CeHg — M-CH, + H ©)

studies on biradicals. The same view is shared here, including
also CASPT2[gl], CASRS2, and CASRS3 results and complete and
basis set extrapolations in the comparison. The results are
collected in Table 3. For example, the CASPT2[g1]/CBL(2) CgHs — 0-CH, + H (10)
results are 36.3 (37% 0.3), 20.5 (21.0t 0.3), and 2.8 (3.&

0.3 or 2.1+ 0.4) kcal/mol for the singlettriplet energy splitting were investigated. The isodesmic reactions discussed in the
of o-, m-, andp-benzyne, respectively, with experimental values subsequent section (see reactions14) can all be constructed

by Wenthold et af® in parenthesis. The overall conclusions from from these parent reactions, and the idea of the isodesmic
these computations are that basis set extrapolation is a prerefreaction is that the errors in the-G1 bond energies or strengths
quisite for quantitative agreement1 kcal/mol) with experi- should cancel. The calculated~El bond energies and strengths
ment. The CASPT2[gl]/CBL(2) result of 2.8 kcal/mol also at 298 K for a number of methods and basis sets are compiled
shows that once the g1 corrected zero order Hamiltonian is usedjn Tables 4 and 5. The computed CASRS3/CBL(2) results
it is no longer true that the singletriplet energy splitting of (experimental result in parenthesis) for reactiord6 are 103.6
p-benzyne is overestimated by more than 50%, as stated by(104.9+ 0.1), 142.8 (146.6- 0.2), 113.4 (113.6: 0.6), 112.1
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TABLE 3: Calculated Singlet—Triplet Splittings in kcal/mol at 298 K for o-, m-, and p-Benzyne at the CASPT2 and CASRS3
Levels of Approximation

molecule basis set CASPT2[g0] CASPT2[g1] CASRS2 CASRS3 expt
o-benzyne 37.7£ 0.7
375+ 0.3
aANO(1) 32.7(32.6) 34.0
cc-pvDZ 30.1 31.0 30.6 31.7
cc-pvVTZ 33.2 34.6 33.8 35.2
cc-pvVQz 34.1 35.6 34.6 36.2
CBL(1) 34.8 36.4 35.3 37.0
CBL(2) 34.8 36.3 35.3 37.0
CBL(3:3,4) 34.7 36.3 35.3 37.0
CBL(4:3,4) 34.4 35.9 34.9 36.5
m-benzyne 21.0+ 0.2
aANO(1) 18.6(19.0) 19.0
cc-pvDz 17.6 17.8 18.1 16.8
cc-pvVTZ 19.1 19.6 19.6 18.2
cc-pvVQZ 19.6 20.1 20.0 18.5
CBL(1) 19.9 20.5 20.3 18.7
CBL(2) 19.8 20.5 20.3 18.7
CBL(3:3,4) 19.8 20.5 20.3 18.7
CBL(4:3,4) 19.7 20.3 20.2 18.6
p-benzyne 3.8+ 0.5
21+ 04
aANO(1) 4.8(5.8) 33
aANO(2) 4.7 3.1
cc-pvbDzZ 4.9 2.9 51 25
cc-pvVTZ 4.7 3.2 4.9 2.3
cc-pvQz 4.7 3.1 4.8 2.2
CBL(1) 4.7 3.0 4.8 2.2
CBL(2) 4.7 2.8 48 2.2
CBL(3:3,4) 4.7 3.1 4.8 2.2
CBL(4:3,4) 4.7 3.1 4.8 2.2

a Reference 422 Reference 35¢ Reference 9¢ Alternative value by ref 35.

(108.9+ 1.2), 97.1 (92.8t 3.2), and 82.2 (77.5 3.1) kcal/ the correction for the known systematic error of the CASPT2-
mol, respectively. All results are close to the experimental values [g0] approximation as introduced by the CASPT2[g1] approach
at this level of approximation, with the possible exception of is usually rather small, as expected. Yet, if some of the species
the two later reactions; however, these have a significantly largerinvolved have a pronounced biradical character as in reaction
experimental error bar. Note that the CASPT2 and CASRS2 8, the corrections can be as large as 2.9 kcal/mol. In such cases
almost always underestimate the—B bond energy; for the CASPT2[gl] approach should be employed. To conclude
example, for the CASPT2[g1]/CBL(2) the deviations ar2.6, this section, the CASRS3 method in conjunction with large basis
—4.5,-4.1,-1.1,—-2.1, and+1.7 kcal/mol, respectively, for sets and basis set extrapolation predict the hydregarbon
reactions 5, 6, 7, 8, 9, and 10. The only exception is again bonding close to chemical accuracy. However, the errors of the
observed for one of the reactions with the largest experimental CASRS3 method turn out to be less systematic than for second
error bar. The CASRS3/CBL(2) values, however, are more order multireference perturbation methods (CASRS2 and
randomly scattered around the experimental findings,3, CASPT2), and it is anticipated that the latter will provide more
—3.2,—0.1, 3.2, 4.3, and 4.7 kcal/mol, respectively. Hence, the accurate reaction energies of isodesmic reactions. Judging from
reaction energies of the isodesmic reactions at the CASPT2 andhe observed systematic errors in the computeeHCbond
CASRS?2 levels of theory will be of better accuracy than the energies at the CASPT2[gl]/CBL(2) level of theory, the
corresponding computed- bond energies. For the CASRS3 accuracy of the reaction energies of the isodesmic reactions due
approximation, on the other hand, the lack of systematic errors to favorable cancellation of errors is expected to be in the range
disqualifies it from improving its accuracy due to cancellation of 1—3 kcal/mol.

of errors by virtue of isodesmic reactions. Actually, it is expected  3.4. Assessment of Several Isodesmic Reactioms.prior

that the computed reaction energies of the isodesmic reactiongnvestigations the enthalpy of formation for thébenzyne has

at the CASRS2/CASPT2 level due to favorable cancellation of been deduced by utilizing the following three reactions:
systematic errors will be better than those computed at the

CASRS3 level of theory. A comparison of the distinct basis set p-CeH, — 0-CgH, (11)
extrapolation schemes reveals no significant differences: all N

yield very similar results, hence anyone can be used equally CoHe + 2CH; — p-GeH, + 2CH, (12)
well. However, it is evident that the quality of the one-particle CeHg + p-CqH, — 2CH; (13)
basis set and the CBS extrapolation affect the results signifi-

cantly: CBS extrapolation improved the predicted bond strengths |n order to determine the enthalpy of formationabenzyne,

by up to 2 kcal/mol, relative to the corresponding cc-pVTZ the reaction

results. We also note that there is good agreement between the

CASRS3 and the CCSD(T) results (cf. Tables 4 and 5). C¢Hg + C,H, — 0-CgH, + C,H, (24)
Furthermore, it is observed that the size-inconsistency error of

the MRCI can be significant, 3-:36.0 kcal/mol, as indicated  has been employed. Reaction 11 was used in direct estimates,
from a comparison of MRCI to MRCI(Q) (cf. Table 5). Finally, whereas reactions ¥2l4 were used in so-called isodesmic
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TABLE 4: Calculated C—H Bond Strength in Methane@ C—H Bond Energies in Ethylene® Abstracting Two Hydrogens, and
C—H Bond Strength in Benzené in kcal/mol at 298 K for a Number of Methods and One-Particle Basis Sets

basis sets
methods aANO(1) aANO(2) cc-pvDZ cc-pVTZ cc-pvQZz CBL(1) CBL(2) CBL(3:3,4) CBL(4:3,4)
Methane
RSCF 79.7 79.8 79.5 80.0 79.9 79.8 79.8 79.9 79.9
MP2[g0] 97.2 98.9 96.2 99.2 100.0 100.5 100.4 100.5 100.2
MP2[g1] 98.9 100.7 97.6 100.9 101.8 102.4 102.3 102.4 102.0
MP3 99.6 98.5 101.5 102.2 102.7 102.6 102.8 102.4
CISD 98.5 97.5 100.3 100.9 101.4 101.3 101.4 101.1
CISD(Q) 100.6 99.4 102.6 103.3 103.8 103.7 103.8 103.5
CASRS2 98.8 97.7 100.7 101.5 101.8 101.6 101.8 101.5
CASRS3 100.5 99.1 102.4 103.1 103.6 103.6 103.6 103.3
Ethylene
MP2 134.3 137.9 138.8 139.4 139.2 139.4 139.0
MP3 142.5 145.9 146.4 146.7 146.4 146.8 146.6
CASSCF 96.2 95.8 96.2 95.7 95.7 95.7 95.7 95.6 95.6
CASPT2[g0] 137.2 139.6 136.2 139.7 140.7 141.5 1415 141.4 141.0
CASPT2[g1] 137.2 139.7 136.2 139.8 140.8 141.6 141.5 141.5 141.1
CASRS2 136.2 140.0 140.9 141.7 141.6 141.6 141.2
CASRS3 1394 142.2 142.6 142.9 142.8 143.0 142.8
RCCSD 142.5 145.7 146.3 146.7 146.5 146.8 146.5
RCCSD(T) 141.7 144.8 145.4 145.8 145.7 145.9 145.6
Benzene
CASSCF 88.8 88.8 87.9 88.7 88.8 88.8 88.7 88.8 88.8
CASPT2[g0] 105.5 107.2 103.4 107.2 108.2 108.9 108.6 108.9 108.5
CASPT2[g1] 106.2 108.0 103.8 108.0 109.0 109.8 109.5 109.7 109.3
CASRS2 105.0 103.0 106.8 107.8 108.4 108.2 108.4 108.0
CASRS3 110.5 108.3 112.3 113.1 113.7 113.4 113.7 113.4
MRCI 104.0 102.4 105.0
MRCI(Q) 108.1 106.2 109.7
RCCSD 110.0 111.7
UCCSD 109.6 111.4
RCCSD(T) 110.0 112.0
UCCSD(T) 109.9 111.7

a Experimental value: 104.9 0.1 kcal/mol.? Experimental value: 146.@ 0.2 kcal/mol.c Experimental value: 113.6 0.6 kcal/mol.

investigations. For an ideal isodesmic reaction the predicted work (SCF, MP2, and MP3), whereas the benzene pnd
enthalpy of reaction should be independent of the method benzyne have a multiconfigurational reference (CASSCF,
employed. This criterion is used here to assess the quality of CASRS2, and CASRS3). In this sense the treatment of the
the reactions and the suitability for accurate predictions of the “radical” orbitals will not be similar and large fluctuations in
thermochemistry of the benzynes. In particular the CASRS2 the computed values could be expected as the level of perturba-
and CASRS3 results are used to assess the quality of thetion goes beyond second order. Cramer et al. employed reaction
proposed isodesmic reactions. The quality of the employed 14 as an isodesmic reaction in the determination of the enthalpy
experimental enthalpies of formation will of course affect the of formation ofo-benzyne. However, judging from the results
accuracy with which the desiretiH; is computed as well. The  presented here, this reaction seems to have problems similar to
computed enthalpies of reactions for reactions-14 are those of reaction 12, which they disqualified. In reaction 14
collected in Table 6. For all the reactions, it is noted that we have again the problem of mixing species for which single
extrapolation to CBL after the cc-pVQZ basis set does not reference perturbation theory works excellently (see reaction
change the computed values in any significant way. Actually, 6) with species for which a multireference treatment is required.
the cc-pVTZ results are not very far off from the cc-pVQZ The remaining reactions, 11 and 13, do not suffer from the
results, either. The largest discrepancy of 0.4 kcal/mol is noted mixture of single configurational and multiconfigurational
for reaction 12, while for the three other reactions the differences reference treatments. However, one should expect that reaction
decrease to 0.1 kcal/mol. Hence, with respect to the one-particlell is the poorest isodesmic reaction due to the disparity of
basis set all four reactions exhibit favorable cancellation of unpaired electrons in the reaction on the left and the right hand
errors, a property expected for isodesmic reactions. For theside. Indeed, reaction 11 in comparison to reaction 13 exhibits
treatment of theN-particle space, however, significant differ- a variation in the computed heat of reaction which is almost
ences are noted. In particular, it is noted that reactions 12 andtwice as large. Furthermore, the size of the related reaction
14 behave especially badly. The differences in the CASRS2/ energy itself could serve as an indicator also for the quality of
CBL(2) and CASRS3/CBL(2) predicted enthalpies of reaction the corresponding isodesmic reaction. As anticipated, reaction
for reactions 1314 are computed to 5.0, 8.8;2.7, and 7.0 13 has the lowest reaction energy. The quality of the reactions,
kcal/mol, respectively. The problem of reaction 12 has earlier, based on the difference CASRS3 vs CASRS2, from the best to
but in another context, been discussed by Cramer and co-the worst is 13, 11, 14, and 12. With respect to the basis set
workers? who tagged it as a “flawed” isodesmic reaction. In extrapolation schemes, it seems that CBL(2) is slightly better
their study they attribute the problem to the fact that the than the others, yet the differences from the other schemes are
dehydrocarbons have different hybridization in methane, ben- marginal (less than 0.4 kcal/mol).

zene, methyl radical, angtbenzyne. In this reaction the methane 3.5. Benzyne ThermochemistryThe study of the €H bond

and methylene radical are treated in a single reference frame-energy of benzene definitely demonstrates the need for highly
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TABLE 5: Calculated C—H Bond Strength in the Phenyl Radical at the para2 metaP? and ortho® Position in kcal/mol at 298 K
for a Number of Methods and One-Particle Basis Sets

basis sets
methods aANO(1) aANO(2) cc-pvDZ cc-pVTZ cc-pvQZz CBL(1) CBL(2) CBL(3:3,4) CBL(4:3,4)

para
CASSCF 86.4 86.5 85.5 86.4 86.5 86.4 86.4 86.5 86.5
CASPT2[g0] 101.8 103.5 99.5 103.5 104.5 105.2 104.9 105.2 104.8
CASPT2[g1] 104.1 106.1 102.2 106.0 107.0 107.9 107.8 107.8 107.4
CASRS2 101.1 98.9 102.9 103.8 104.5 104.2 104.5 104.1
CASRS3 109.1 106.6 110.9 111.8 112.4 1121 1125 112.1
MRCI 101.4 99.6 102.6
MRCI(Q) 105.1 103.0 106.8
RCCSD 129.2 131.6
UCCSD 129.6 132.0
RCCSD(T) 106.5 108.8
UCCSD(T) 106.8 109.2

meta
CASSCF 74.6 74.5 74.1 74.4 74.4 74.4 74.3 74.4 74.4
CASPT2[g0] 89.3 90.3 88.1 90.8 91.1 915 90.6 91.4 91.1
CASPT2[g1] 89.5 90.5 88.3 91.0 91.3 914 90.7 915 91.4
CASRS2 87.1 89.5 90.1 90.5 90.3 90.5 90.3
CASRS3 93.7 96.4 97.0 97.4 97.1 97.4 97.2
MRCI 86.6 88.2
MRCI(Q) 89.9 92.0

ortho
CASSCF 57.9 57.7 58.6 57.8 57.7 57.5 57.5 57.6 57.6
CASPT2[g0] 79.1 80.1 79.0 80.3 80.5 80.6 80.3 80.6 80.5
CASPT2[g1] 78.7 79.6 78.8 79.9 80.0 80.1 79.8 80.1 80.1
CASRS2 78.1 79.3 79.5 79.5 79.3 79.6 79.5
CASRS3 81.9 82.8 82.7 82.6 82.2 82.7 82.7
MRCI 73.5 72.4
MRCI(Q) 78.1 78.4

aExperimental value: 108.% 1.2 kcal/mol.” Experimental value: 92.8 3.2 kcal/mol.c Experimental value: 77.% 3.1 kcal/mol.

correlated methods with systematic errors in conjunction with the reaction energy). This is the largest correction of all four
isodesmic reactions. Furthermore, the previous section illustratesreactions apart from reaction 11, which illustrates convincingly
the possible problems of several isodesmic reactions in caseghe importance of the gl correction. It seems that by introducing
of a method like CASRS3 which apparently has a sizable g1 an important (although systematic) error is removed, which
nonsystematic error. In addition, the study of the singtaplet is ill balanced in all four isodesmic reactions.

energy splittings demonstrates the reliability of the CASPT2- At the CASPT2[g1])/CBL(2) level of theory, the isodesmic
[g91] approximation. On the basis of the computed deviations reactions 12, 13, and 14 (replacing the benzyne species with
from experiment for the hydrogen abstraction reactions intro- meta) predict the enthalpy of formation ofbenzyne to be
duced before, we regard the CASPT2[g1])/CBL(2) results as the 120.7, 124.2, and 119.9 kcal/mol, respectively. This is again in
most reliable ones having an accuracy4e? kcal/mol. The agreement with the experimental finding of 1239.1 kcal/
computed CASPT2[g1]/CLB(2) results (experimental prediction mol.

in parenthesis) for reactions 13, 11, 14, and 12 aret1 &0

(4.7+ 1.6),—28.1+ 2.0 (—31.4+ 3.2), 47.6+ 2.0 (45.1+ 4. Summary

3.0), and 12.7+ 2.0 (12.6+ 1.0) kcal/mol, respectively. The thermochemistry of the benzynes was reinvestigated
Considering the theoretical and experimental error bars, excellentusing a variety of different theoretical methods (CASPT2
agreement is observed. The corresponding predicted values b3CASRSZ, CASRS3, MRCI, CCSD(T)), together with extended
Cramer et al. at the CASPT2[g0J/aANO(1) level were 4.4, s sets (up to quadrupleguality). Some of these calculations
—23.5, 46.2, and 10.8 kcal/mol. After inclusion of the g1 pecame feasible only recently, due to progress in the develop-
correction in the CASPT2 approach, no data support the Critics ment of integral direct correlation methotlsComplete basis
against the use of reaction 12 to determine the enthalpy of et estimates were obtained from these calculations by employ-
formation ofp-benzyne or the use of reaction 11 to determine g different basis set extrapolation schemes. In order to examine

the difference in enthalpy of formation @f and o-benzyne. the accuracy of the different methods, the singteiplet
Rather, reaction 12 supports the two independent experimentalspitings of o-, mr, and p-benzyne were recomputed, which
studies by Roth et &f. and Wenthold and co-workéfs®which serves the purpose of a benchmark system for the thermochem-
predict the enthalpy of formation gfbenzyne to be 138.& istry of the benzynes. The zero point energy corrections were

1.0 and 137.8+ 2.9 kcal/mol, respectively. The present 5o reexamined at the CASSCF level of theory, using analytical
theoretical prediction of the enthalpy of formationpbenzyne  second derivatives implemented recedfiThe singlet-triplet
is 138.0 and 141.4 kcal/mol by reactions 12 and 13, respectively, energy splittings so obtained reveal that both basis set extrapola-
while for o-benzyne it is computed to be 108.8 kcal/mol using tion and appropriate vibrational corrections are essential for
reaction 14. quantitatively correct results. Previous ZPE corrections based
It is remarkable that even for the best isodesmic reaction 13 on restricted and unrestricted DFT calculations turned out to
the difference in the predicted reaction energy between CASPT2-be slightly hampered due to the use of either a single reference
[g0] and CASPT2[g1] amounts to 2 kcal/mol (or-5000% of or a spin-contaminated wave function. The resulting imbalance
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TABLE 6: Calculated Heats of Reaction in kcal/mol at 298 K for Reactions 12, p-CgHs — 0-CgHy; 12 CgHg + 2CH3 —
p-CeH4 + 2CH4, :|.3,c CGHB + p-C5H4 i 2C5H5, and 14,d CBHG + C2H2 - O'C6H4 + C2H4

basis sets
methods aANO(1) aANO(2) cc-pvDZ cc-pVTZ cc-pvQZz CBL(1) CBL(2) CBL(3:3,4) CBL(4:3,4)

Reaction 11
CASSCF —28.5 —28.7 —27.0 —28.5 —28.8 —28.9 —28.8 —29.0 —28.9
CASPT2[g0] —22.7 —23.4 —20.5 —23.2 —24.0 —24.6 —24.6 —24.6 —24.3
CASPT2[g1] —25.4 —26.4 —-23.4 —26.1 —-27.0 —-27.8 —-28.1 —-27.7 —-27.3
CASRS2 —20.8 —23.6 —24.4 —24.9 —24.9 —24.9 —24.6
CASRS3 —24.8 —28.1 —-29.0 —29.8 —-29.9 —29.8 —-29.4
MRCI —26.0 —-29.1
MRCI(Q) —25.0 —28.4

Reaction 12
CASSCF 15.7 15.7 14.4 15.2 15.4 15.6 15.4 15.6 15.5
CASPT2[g0] 12.8 12.9 105 12.3 12.7 13.0 12.7 13.0 12.9
CASPT2[g1] 12.6 12.7 10.9 12.1 12.5 12.9 12.7 12.8 12.6
CASRS2 11.7 9.4 11.1 11.6 11.9 11.5 11.9 11.7
CASRS3 20.5 17.9 20.1 20.5 20.7 20.3 20.8 20.6
MRCI 8.3 7.0
MRCI(Q) 12.1 10.5

Reaction 13
CASSCF 2.3 2.3 2.4 2.3 2.3 2.3 2.3 2.3 2.3
CASPT2[g0] 3.7 3.7 3.9 3.7 3.7 3.7 3.8 3.7 3.7
CASPT2[g1] 2.0 1.9 1.7 2.0 2.0 1.9 1.6 1.9 1.9
CASRS2 4.0 3.6 3.9 3.9 3.9 4.0 3.9 3.9
CASRS3 1.3 1.6 1.4 1.3 1.3 1.3 1.3 1.3
MRCI 2.6 2.8 2.6
MRCI(Q) 3.0 3.2 3.0
RCCSD(T) 3.7 3.2
UCCSD(T) 3.0 25

Reaction 14
CASSCF 50.5 50.4 49.9 50.5 50.4 50.2 50.0 50.3 50.3
CASPT2[g0] 47.4 47.4 46.2 47.6 47.7 47.8 47.3 47.8 47.8
CASPT2[g1] 47.6 47.7 46.4 47.8 48.0 48.1 47.6 48.1 48.1
CASRS2 44.8 46.1 46.3 46.3 45.9 46.4 46.3
CASRS3 50.8 52.9 53.2 53.3 52.9 53.4 53.3

a Experimental value:—31.44 3.2 kcal/mol.” Experimental value: 12.& 1.0 kcal/mol.c Experimental value: 4.% 1.6 kcal/mol.4 Experimental
value: 45.1+ 3.0 kcal/mol.
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